The function of a tissue relies upon its constituent cell types and overall organization [1] . Tissue dynamics, including formation, function and regeneration, result from intricate spatiotemporal coordination of numerous individual cells [2] , each induced by cell extracellular microenvironment interactions, including the extracellular matrix, neighboring cells and soluble cues. Interactions between the cell and its microenvironment determine its pattern of gene expression and resultant differentiated phenotype despite the fact that the cells share an identical genome. Therefore, cell behavior is largely determined by interactions with the extracellular microenvironment. The spatial orientation and distribution of the extracellular microenvironment directly influences tissue function. Cellular interactions with extracellular matrix molecules and other cells are important issues of fundamental cell biology, and play a crucial role in tissue engineering (TE) [3, 4] . Proper cell-cell communication through physical contact is crucial for a range of fundamental biological processes and the normal function of tissues. The spatial arrangements of these cellular interactions lead to higher-order function, which is difficult to recapitulate in vitro. Reconstituting functional cell-cell communication in vitro and in three dimension (3D) remains an important challenge in TE.
Current TE research adopts either the top-down or bottom-up approach [5] . The top-down approach involves defining the macroscopic tissue features using biomaterial scaffolds and seeding cells into these scaffolds. These scaffolds can range in size from millimeters to centimeters [6] . This approach has been successful for constructing tissues whose functions are relatively independent from the fine structural features [7] . The major challenge of this approach SPECIAL TOPIC is how to better control the local spatial orientation and distribution of the extracellular microenvironment [8] for engineering complex tissues whose functions are greatly affected by fine structural features. The bottom-up approach takes advantage of repeating structural and functional units, like nephrons, liver lobules, or ganglions [9, 10] . This approach involves engineering microtissue constructs [11, 12] as small tissue building blocks with precision-engineered structural and functional microscale features. The construction of microtissues starts with the basic step of assembling cells into cell clusters to facilitate cell-cell interactions and cultures multiple cells together as functional tissue units. The assembly of cells can be executed via physical and/or chemical methods. Here, we present a comprehensive review of currently available methods that use microscale methods in physics and chemistry to control mammalian cell assembly into tissue-like structures.
Physical methods
There are several physical methods capable of assembling cells together into small cell clusters to facilitate cell-cell interactions. The principles of these physical methods involve optics, electricity, magnetism, acoustics ( Figure 1 ) and soft lithographic techniques.
Laser/optical methods
Laser/optical methods use a highly focused laser beam to manipulate cells at very high precision [13] . When the laser beam hits the cell, the momentum of the laser beam is transferred to the cell and then causes the cell to be drawn to the center of the beam, thereby manipulating it [14] . Optical tweezers are ideal for single cell manipulation because they are able to manipulate objects with a size of approximately 10 m [15] and exert forces up to hundreds of pN [16] . The ability of optical tweezers to manipulate cells has been exploited in TE to micropattern different cell types at specific positions, one by one, for the construction of tissue structures [17, 18] .
Despite the versatility and precision offered by laser methods, drawbacks exist when dealing with cell culture. One critical limiting factors is optical damage. Another is the occurrence of local heating at the focus volume. High intensity at the laser focus point is the main cause of heating [19] . Local heating is a serious issue when manipulating cells, as heat adversely affects enzyme activity and other sensitive cellular functions. To avoid optical damage to cells, a laser-guided direct writing (LGDW) system has been developed, which uses the near-infrared part of the electromagnetic spectrum.
LGDW is a variation of the commonly used optical tweezers [20, 21] ( Figure 1A ) and is a unique cellular patterning technique able to deposit cells with micrometer resolution on arbitrary matrices, including soft gels, such as collagen or Matrigel [17, 20, 22, 23] . This has allowed researchers to use the intrinsic ability of endothelial cells to self-assemble into vascular structures [24, 25] for the assembly of liver tissue.
LGDW is therefore uniquely suited for studying the role of tissue architecture and mechanical properties at the single-cell resolution, and for studying the effects of heterotypic cell-cell interactions un- derlying processes such as liver morphogenesis, differentiation and angiogenesis [18] .
Dielectrophoretic methods
Cells can be manipulated using gradients of an electric field, a phenomenon known as dielectrophoresis (DEP). The DEP force controls movement of the cell to the desired location. Depending on the electrical properties of the cells and media, and the frequency of the electric field, the DEP force acting on the cell can be positive or negative. Movement of cells towards the strong electric field region is termed positive DEP (p-DEP), and movement in the opposite direction is termed negative DEP (n-DEP) ( Figure 1B) . Bhatia et al. [26] have reported a method for the rapid formation of reproducible, high-resolution 3D cellular structures within a photopolymerizable hydrogel using p-DEP forces. The DEP cell patterning chamber sandwiched a suspension of cells in un-cross-linked prepolymer solution between two conductive indium tin oxide (ITO)-coated glass slides. On the bottom slide, a thin micropatterned layer of insulating photo epoxy masked most of the conductive surface to form electrode arrays in all remaining uninsulated areas. An alternating current bias applied across the top and bottom slides produced a spatially nonuniform electric field that was strongest near the gaps in the dielectric layer. The p-DEP forces propelled cells toward locations of high electric field strength. Using this techniques, Bhatia et al. demonstrated parallel formation of cell clusters of precise size and shape within the thin hydrogel. By modulating cell-cell interactions in 3D clusters, they also demonstrated that microscale tissue organization regulates bovine articular chondrocyte biosynthesis.
Matsue et al. [27] have reported a method for patterning different cell types based on n-DEP, without any special pretreatment of culture slides. An interdigitated array (IDA) electrode with four independent microelectrode subunits, was fabricated with ITO and used as a template to form cellular micropatterns. A suspension of the first cell type was introduced into the patterning device between the upper IDA and bottom slide. In the system, the n-DEP force directs cells toward a weaker region of electric field strength. The cells aligned above one IDA band, since the aligned areas on the slide were regions with a lower electric field. After removing excess cells, the second cell type was patterned in lines using the same method. Periodic and alternate cell lines incorporating two cell types were fabricated by changing the alternating current voltage mode.
There are two main problems associated with manipulating cells using an electric field: (i) the Joule heating effect produces large temperature gradients in the medium which can affect cell viability; (ii) the influence of the electric field on cell physiology [28] , such as voltage-sensitive proteins [29] . Lowering the electric potential and shortening the manipulation time may be a solution for these problems.
Magnetic methods
Another cell manipulation method uses a magnetic field [30, 31] . In this method, magnetic particles usually have a magnetic core and a coating tailored to bind to specific molecules, so magnetic particles could are selectively attached to cells for TE applications [32] . Cells labeled with magnetic nanoparticles can then be remotely manipulated by applying a magnetic field [33] ( Figure 1C) .
Slater et al. [34] have used a magnetic method to form the arrangement of multicellular spheroids. They labeled cell membrane proteins with biotin and then linked streptavidin paramagnetic particles onto the biotinylated cell surface. Magnetically labeled cells were cultured in hanging drops to generate magnetic spheroids. The hanging drop method for growing multicellular spheroids is simple and could provide a substrate-free route for obtaining spheroids with a narrow size distribution. The magnetic spheroids were patterned using magnetic fields, and then fused together to form a larger tissue construct.
Kamihira et al. [35] have reported a method for the fabrication of cell sheets using magnetite cationic liposomes (MCLs) and a combination of two magnetic force-based techniques, magnetofection and magnetic cell accumulation. A retroviral vector, encoding an expression cassette of vascular endothelial growth factor (VEGF), was labeled with MCLs to magnetically attract the particles onto a monolayer of mouse myoblast cells for gene delivery. During fabrication of the tissue constructs, MCL-labeled cells accumulated in the presence of a magnetic field to promote spontaneous formation of a multilayered cell sheet. These VEGF gene-engineered cell sheets were then subcutaneously implanted into nude mice, where they produced well vascularized tissues with substantial mass, thickness and cell density.
Alsberg et al. [36] have reported an approach for magnetically driven organization of ordered cellular structures, without using microfabricated substrates, potentially harmful electrical fields, or physical attachment to or uptake of material by the cells. Inert, biologically compatible ferrofluids, consisting of suspensions of protein-passivated iron oxide nanoparticles, drove cell organization into linear structures in the magnetic field. The purpose of the magnetic nanoparticles was to induce an effective magnetization in the extracellular fluid in order to guide the cells into highly organized structures. The linear cell structures are stable and can be further cultured without the magnetic field and nanoparticles.
McDevitt et al. [37] have reported a simple, physical entrapment of magnetic microparticles (MagMPs) within the extracellular space of stem cell spheroids. MagMPs can be efficiently and stably incorporated, in a dose-dependent manner, into the extracellular environment of 3D stem cell aggregates, without the need for biochemical modification of the cell membrane or material adhesive properties.
MagMP entrapment within multicellular aggregates enables directed movement and assembly of multicellular spheroids in suspension culture, with an externally applied magnetic field, to yield complex organization of 3D constructs.
Acoustic methods
Another method for contactless cell manipulation is ultrasonic waves. Ultrasonic transducers generate waves, which subject cells to a mechanical force dependent on the cell volume and frequency of the ultrasonic waves. Cells can be concentrated in either the nodes or antinodes of the periodic wave pattern [13, 38] . The ultrasonic waves employed here are not detrimental to cell viability [39] .
Wiklund et al. [40] have demonstrated 3D caging, enrichment and shape-specific aggregation, combined with high resolution imaging of cells in an ultrasonically actuated microfluidic chip. It is possible to construct the trapped cells as either a 2D monolayer or a compact 3D aggregate. This is because the cage is simultaneously actuated at two frequencies, the dimension of which can be optimized for individual cell handling, or handling of aggregates containing up to a few hundred cells. Transformation between monolayer and multilayer structures is interesting for the investigation of cell-cell interactions, with control of the number of neighbors for each cell.
Huang et al. [41] have developed an active patterning technique, named "acoustic tweezers", that uses standing surface acoustic waves (SSAW) to manipulate and pattern cells in the microfluidic chip ( Figure 1D ). A surface acoustic wave (SAW) is a sound wave that propagates along the surface of an elastic material. This technique does not require pre-treatment of the substrate or cells and is applicable to any type of cell, regardless of size, shape, or electrical/magnetic/optical properties. Furthermore, its power intensity is lower than that of optical tweezers. With advantages in versatility, miniaturization, power consumption, speed and technical simplicity, "acoustic tweezers" are a powerful tool for many applications including TE.
Soft lithographic techniques
Microfabrication has been a useful tool in biological applications, partly because of the emergence of soft lithography to fabricate microscale devices without the use of expensive photolithographic equipment [42] . Soft lithography is a set of microfabrication techniques, mainly comprising microcontact printing, microtransfer molding and molding in microchannels [43, 44] . These techniques use elastomeric stamps, for example polydimethylsiloxane (PDMS), fabricated from patterned silicon wafers to print or mold materials at resolutions as low as several hundred nanometers [4447]. Therefore, soft lithography can be used to control the topography and spatial distribution of molecules on a surface, as well as the subsequent deposition of cells [48, 49] .
Soft lithographic methods can also be used to fabricate microfluidic channels for TE in a convenient, rapid and inexpensive manner [50] .
The self-assembled monolayer (SAM) of alkanethiol can be reductively desorbed from the gold substrate by application of a negative electrical potential. If cells are cultured on the alkanethiol SAM, which is made adhesive by covalent bonding of Arg-Gly-Asp (RGD)-peptides to the alkanethiol molecules, the electrochemical desorption of SAM results in detachment of the cell sheets from the gold surface in a reliable and rapid manner. Fukuda et al. applied microfabrication and microcontact printing with alkanethiol SAMs for engineering and harvesting cell sheets and spheroids in vitro [51] . The detached cell sheets could be easily attached to other cell sheets in succession to form a multilayered cell sheet.
Takeuchi et al. have engineered a 3D tissue with a neuronal network that can be easily manipulated and transplanted onto the host brain tissue in vivo [52] . A PDMS microchamber array facilitated formation of multiple neurospheroids, which in turn interconnected via neuronal processes to form a centimeter-sized neurospheroid network (NSN). They also developed a simple technique for transplanting NSN onto specific brain areas at a high transfer rate, termed the NSN-stamping method.
Recently, several groups have used shape-changing membranes to fabricate tubes with different materials and sizes for biological applications, such as a platform for cell culturing [53, 54] . We have reported a general strategy to fabricate tubular structures with multiple cell types as different layers of the tube walls [55] . By using a stress-induced rolling membrane (SIRM) technique, tubes with controllable sizes, which are supported by the balance of the internal stress and strain, form very quickly after release. By rolling, simple patterns on 2D membranes are transformed into complex patterns in 3D tubes (Figure 2 ). These tubes could mimic blood vessels in which different types of cells constitute different layers of the tubular wall. Therefore, this strategy provides a new perspective to precisely pattern different types of cells into 3D structures: first patterning different cells on a 2D surface, which could undergo changes in shape, and then deforming the 2D surface into a 3D structure.
Chemical methods
Construction of 3D multicellular tissues requires directed assembly of cells. Current approaches to control 3D cell assembly rely on intrinsic cell adhesive properties or engineering cellular interactions. Intercellular adhesion is mediated through natural cell-cell adhesion mechanisms, such as cadherins [56, 57] . Therefore, cell-surface engineering methodologies are an alternative way to promote and stabilize multicellular assembly. Functional molecules can be Figure 2 Schematic illustration of a stress-induced rolling membrane (SIRM) and tubes with multiple cell types within the walls [55] . A thin PDMS membrane is stretched as the top layer of the SIRM to cover a semicured PDMS membrane (A). After curing the two layers to cause adhesion (B), microfluidic channels cover the SIRM surface with channel direction being vertical to the stretching direction (C). Different cells are delivered via microfluidic channels to the SIRM surface. Once the cells attach to the SIRM surface, the microchannels are removed (D). One end of the SIRM is released by cutting its edge.
The SIRM rolls up into a tube and each cell type is delivered to a designated position with the tubular wall (E and F). Cell alignment is controlled by contact guidance on structured surfaces (microgrooves, G). After release, cell orientation inside the tubes is either circumferential or longitudinal (H and I).
introduced onto cell membranes to construct multicellular tissues through the interactions between different functional groups on the modified surfaces. The cell membrane of mammalian cells is a complex composite of lipids, proteins and carbohydrates [58] . The lipid bilayer structure forms the barrier between the cell cytoplasm and its environment. The protein and carbohydrate components introduce selective interaction sites. Most cell-surface engineering methodologies take advantage of these cell membrane components ( Figure 3) . Use of antibodies, aptamers, or other engineered binding molecules for cell surface attachment, allows subsequent attachment of cells. Each of these approaches finds utility in different situations [59] .
Chemical cell surface modification
The most straightforward strategy to assembly cells perhaps, is chemical conjugation of molecules to the cells via pre-existing functional groups on the cell surface. However, this provides the least control over the resulting cell surface remodeling. Functional groups naturally present on the cell surface as part of proteins or carbohydrates and are appealing docking sites for covalent conjugation of functional materials to cells, since they do not require any chemical cell preconditioning. The most common approach involves direct chemical reaction of an amino (lysine-NH 2 ) or thiol (cysteine-SH) group presented on a cell membrane protein, with a compatible reactive group on exogenous molecules, polymers, or functional materials ( Figure 3A) . Biotinylation of cell surfaces is most frequently used through reaction of primary amine groups on the cell membrane with amine-reactive biotin, such as N-hydroxy-succinimide biotin derivatives (NHS-biotin). Once a cell is labeled with biotin, it can be readily functionalized with a wide range of biotinylated molecules through the biotin-avidin interaction [60, 61] (Figure 3B) . Sakai et al. [62] applied a rapid cell-cell adhesion method for construction of heterospheroids with homogenous distribution of different cell types, using NHS-biotin derivatives through the biotin-avidin interaction. Heath et al. [63] also reported that microfluidic-guided flow-patterning of surfaces could be an avenue for the construction of tissues with architectural precision at the single cell level. In their approach, cell membrane proteins were biotinylated by reacting with NHSbiotin, then addressed via cysteine-engineered streptavidin-conjugated oligonucleotides. The cells were then serially dispensed onto an oligonucleotide-patterned slide, where each individual cell located to a single cognate spot.
Thiol-reactive functional groups, such as maleimide, can be employed to link molecules to cell surfaces [64] . Other reactive groups of aldehydes and ketones can be generated through chemical or enzymatic treatment of existing cell surface carbohydrates, and have also been used successfully to covalently attach surface-modifying molecules. For example, Shakesheff et al. [65] generated aldehyde groups on the cell surface through the reaction of selective periodate oxidation of sialic acid residues, which selectively ligate biotin hydrazide to the cell surface. The biotinylated cells then crosslinked with avidin, resulting in rapid artificial aggregation of the cells. Based on this method, they also generated layered heterotypic 3D aggregates using free surface avidin groups on a homotypic aggregate to selectively attach a second cell type [66] .
Hydrophobic insertion
Integral membrane proteins are anchored into the cell membrane through hydrophobic residues in their transmembrane helices, which make complementary interactions with the hydrophobic lipid bilayer [67] . This hydrophobic effect governing incorporation and orientation of transmembrane proteins can also be used for cell surface engineering. When molecules, in which the functional groups are conjugated with an appropriate hydrophobic anchor, are combined with cultured cells, the hydrophobic moiety can spontaneously insert into the lipid bilayer, leaving the functional groups anchored to and exposed on the cell surface ( Figure 3C) .
Iwata et al. [68] proposed a new method for the microencapsulation of islets with a layer of living cells using amphiphilic polyethylene glycol (PEG), biotin-PEG-lipid and biotin-streptavidin reaction. Biotin molecules were introduced on the cell surface after incorporation of biotin-PEG-lipid into the phospholipid bilayer membrane by hydrophobic interaction. Then, streptavidin was immobilized onto the biotin-PEG-lipid-modified surface. Unoccupied streptavidin sites were available for cell-immobilization because streptavidin has four binding sites for biotin. Islets were also treated with biotin-PEG-lipid. Streptavidin-coated cells were immobilized at the surface of the islets by reacting streptavidin-coated cells with biotin-modified islets. They also employed DNA hybridization instead of the biotin-streptavidin interaction [69] . Polyadenine (poly A) and polythymine (poly T) were introduced onto the surfaces of the islets and cells respectively. The cells were thereby immobilized on the surface of the islets through hybridization of poly A and poly T to form a layer of living cells on the surface of the islets. This strategy has also succeeded in the cell-cell attachment induced by hybridization of DNA-conjugated PEG-lipid [70] .
Yousaf et al. [71] have developed a strategy to induce specific and stable 3D cell-cell contacts through chemoselective cell-surface engineering, based on liposome delivery and fusion, to display bio-orthogonal functional groups from cell membranes. This strategy used tailored liposomes to modify living cell surfaces through membrane fusion for the delivery of ketone or oxyamine groups to different cell populations. 3D tissue-like structures were generated through the chemoselective oxime ligation of the bio-orthogonal ketone and oxyamine molecules presented on the cell surfaces (Figure 4 ).
Metabolic or genetic introduction
Metabolic introduction of chemical functional groups, that are absent from the native plasma membrane, is an alternative strategy for engineering cell surfaces [72] (Figure 3D ). Certain enzymes involved in the biosynthesis of cell surface molecules are tolerant to a degree of structural variability in their substrates. This means cells can be incubated with Figure 4 Schematic illustration of 3D spheroid formation via liposome fusion and chemoselective cell-surface tailoring [71] . Two populations of cells were cultured separately with ketone-or oxyamine-containing liposomes, resulting in membrane fusion and subsequent tethering of ketones and oxyamines from the cell surface. Upon mixing these cell populations, clustering and tissue-like formation occurred based on chemoselective oxime conjugation.
nonphysiological amino sugar analogues, which are taken up and metabolized, resulting in the incorporation of glycoconjugates on the exterior of the cell through natural carbohydrate biosynthetic pathways. In particular, sialic acid is an appealing target of metabolic cell-surface engineering for generating molecular handles [7375] . As the most abundant terminal components of membrane glycolipids, they are positioned on the outer periphery of the cell, and are therefore situated in ideal proximity for subsequent attachment of the compatible reactive molecules [7678]. The same concept can be applied to metabolically install reactive thiol groups into the outer periphery of the glycocalyx where they are most accessible to maleimide-derivatized materials [79] . Recently, Gartner and Bertozzi [80] reported bottom-up synthesis of microtissues composed of multiple cell types with programmed connectivity. Cells were incubated with N-azidoacetylmannosamine, resulting in the incorporation of azido sialic acid residues on the cell surface. These residues were subsequently reacted by Staudinger ligation with phosphine-conjugated ssDNA, or by copper-free click chemistry with difluorinated cyclooctyne-conjugated ssD-NA, to permit specific adhesive properties. Hybridization between complementary DNA-coated cells enabled assembly of multicellular structures with defined cell-cell contacts ( Figure 5 ). They demonstrated that the assembly process depends on DNA sequence complexity, density and total cell concentration. Thus, cell assembly can be highly controlled. They also used this strategy to construct a paracrine signaling network in isolated 3D microtissues.
Genetic engineering can also be used to introduce bio-orthogonal reactive groups on the cell surface, creating sites for selective modification of cells via a combination of traditional molecular biology and exogenous materials science/chemical methods [81, 82] . Although this approach requires genetic manipulation of the substrate cell, it allows the location and identity of the reactive site on the cell surface to be specified, providing greater control over the nature of subsequent cell surface remodeling than linkages introduced through naturally occurring reactive groups described above.
Figure 5
Oligonucleotides direct the synthesis of 3D multicellular structures with defined patterns of connectivity [80] . A, Cells bearing complementary cell surface oligonucleotides react to form stable cell-cell contacts. B, Discrete multicellular structures at higher magnification. C, 3D reconstruction of a single multicellular structure encapsulated in agarose using deconvolution fluorescence microscopy. Scale bar, 10 m.
Electrostatic interactions
The surface of mammalian cells carries a net negative charge as a result of phosphate groups of phospholipids, carboxylate groups on proteins and sialic acids terminating glycoprotein sugar chains. The high ionic strength of physiological solutions makes monovalent electrostatic interactions with cells very weak, but polymers or nanoparticles with many cationic sites can bind stably to cells via multivalent electrostatic interactions ( Figure 3E ). Rajagopalan et al. [83] demonstrated a bilayer structure composed of hepatocytes and other cells by preparing a polyelectrolyte (PE) multilayer consisting of chitosan and DNA on the hepatocyte surface. Chitosan and DNA were incorporated as the cationic and anionic PEs respectively, because the two kinds of molecules are ionic at pH values compatible for cell culture. They assembled ultrathin polymer scaffolds on top of a confluent cell monolayer by sequential deposition of oppositely charged PEs. This maintained the morphology, cytoskeletal structure, and liver-specific functions of hepatocytes in vitro, and provided a cell-adhesive surface on which a second layer of cells was cultured, resulting in layered architectures. However, chi-tosan cannot dissolve in neutral buffer solutions and fabrication of polyelectrolyte multilayers onto the cell surface is limited owing to the cytotoxicity of polycations [84, 85] .
Ligand-receptor interactions
Physiologically expressed transmembrane receptors are tempting targets to conjugate biomaterials functionalized with their respective ligands to cells. However, receptor-ligand interactions are transient in nature, determined by intrinsic binding and dissociation kinetics [86] , which restricts their utility for stable coupling of material-cell surfaces [87] . However, multivalent binding of ligand-decorated materials with cell surface receptors can lead to stable cell surface binding [88, 89] (Figure 3F ).
Fibronectin (FN) is a flexible multifunctional glycoprotein that plays an important role in cell attachment [90] . FN can interact not only with a variety of ECM proteins, such as collagens (gelatins) and glycosaminoglycans, but also with its integrin cell surface receptor [91] . Although FN and gelatin have a negative charge under physiological conditions, they interact with each other because FN has a collagen binding domain. Akashi et al. prepared the FN-gelatin (FN-G) nanofilms on the surface of the first cell layer, providing a suitable cell adhesive surface similar to natural ECM for the second cell layer [92] . Consequently, fourlayered architectures of fibroblast cells were fabricated based on the appropriate thickness of FN-G nanofilms. They also developed a simple and rapid bottom-up approach, called the cell-accumulation technique, by single cell coating using FN-G nanofilms [93] . Since FN-G nanofilms prepared on individual cell surfaces provide an interactive property with the integrin receptor of the cell membrane, cell-cell adhesion of all seeded cells in 3D can be induced at the same time. This approach provided approximately 8L of 3D tissues after only one day of incubation through FN-G nanofilm fabrication, and the layer number, cell type and location were all successfully controlled by altering the seeding cell number and order.
Conclusion and perspectives
Microscale methods for TE have generated much interest. The methods for assembly of cells involving physical and chemical approaches allow cells to form 3D microstructures. These methods can recapitulate the extracellular microenvironment around the cells for engineering microtissue constructs.
The major challenge we presently face is the reconstruction of tissue-like structures that function as native tissues in the body. We are still far from this goal so far. We need to precisely control cell-cell and cell layer-cell layer interactions to fabricate multi-cellular assemblies with structural integrity and function. Successful cases indicate that the adequate combination of different techniques can address these problems. In many previous studies, physical methods have been used in conjunction with chemical methods to construct useful structures. The bottom-up and top-down approaches also need close coupling with each other to enrich cell manipulation methods in TE. This would be possible by either multiplexing bottom-up microtissues or by incorporating bottom-up control features in top-down scaffolds.
Another challenge is the biodegradability and compatibility of biomaterials used in in vitro tissue construction. How to improve this field needs close cooperation between chemists, biologists and material scientists.
Overall, with the emergence of new technologies and the improvement of present methods, the prospect of cell-assembly in TE is promising.
